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                          ZNTRODUCTION
     Che enzyTnatic deanination of amlno acids to the correspond-
Å}ng keto acids, which was first suggested by Neubauer (1) and
Knoop (2), is of considerable significanee in the metabolism of
amino acids and includes two types of mechanisrn: transanination
by transaminases and oxidative deanination by amino acid oxiduses
and amino acid dehydrogenases.
     Arnino acÅ}d dehydrogenases provide a route for incorporation
of ammonia into organie compounds, i.e.t a link between carbo- .
hydrate and amtno acid metabolisrns. Glutamate dehydrogenases (EC
1.4.1.2--4), which catalyze the interconversion of L-glutamate,and
ct-ketioglutarate, are recognized to be important because of the
ptvotal position in amino acids and organic acids metabolisms.
The ubiquÅ}tous distribution oi the enzymes reflects their metabo-
lical signtficanee. There are at least three types of the enzymes
which differ in coenzyme specificity: those specific for etther
NAD+ (EC 1.4.1.2) or NADP+ (EC 1.4.1.4) and those that can function
with both (EC 1.4.1.3) (3-4). These enzymes vary not only in
aoenzyme specifÅ}cÅ}ty, but also in sotue other properties, e.g.,
Å}nduction and repressÅ}on ef their syntheses by rnetabolites, regu-
lation of activtty by purine nueleotides and other ligancls, and
molecular properties (3-7). Thus, intensive studies on the
moleeular properties, priTnary structures and kinetic and regulatory
mechanÅ}sm of the enzymes have been carried out.
     Almost all species of BacilZus are devoid of glutarnate dehy-
drogenase but have alanine dehydrogenase (EC 1.4.1.1) and leucine
dehydrogenase (EC 1.4.1.9) (8-11). Alanine' dehydrogenase was
ftrstdi'sÅëovered Å}n B. subti2is (12-13) and the physiological a`nd
enzyrnologieal properttes were investigated by Yoshida and Freese
(14). The physioiogieal function of the enzyme in the carbon and
nttrogen rnetabolism of bacilli also was shosrn. The enzyrne was
                '
                 '
                              -1-
                    --
                                         --
found to participate in the spore gernination of bacilli, which
is trÅ}ggered by L-alanine (IS-16), and in the energy generatÅ}on
by the tricarboxylic acid cyele (17).
                                          +
                                            oxidoreductase, dearn.Leucine dehydrogenase (L-•leucÅ}ne: NAD
Å}natÅ}ng, EC 1.4.1.9) catalyzes the reversÅ}ble deandnation of L-
leucine to a-ketoisocaproate:
L-Leucine + NAD+ + H20 # ct-Ketoisocaproate + NADH + NH3 + H7-
The dehydrogenase was first disaevered in B. cereus (18) and
partialZy purified from B. subtUis to investigate soTne of its .
properties (9). Hermier et al. (19) studied the enzyme frorn
sporula' ting cells of B. subti2is and suggested that leucine
dehydrogenase plays an Å}mportant role as well as alanine dehydro-
genase in spore germinatien (15). Obermeier andPoralla (20)
reported recently that the enzyne functions catabolÅ}cally in the
metabolism of B. subti2is as,deseribed Å}n Fig. 1.
                           iSO-Cls + iSO-C17 Fatty acids
                                         T
NAD'+ L- Leucine " H20 e NADH + oc-Ketoisocaproate + NH3+H'
                     Leucine
                 dehydrogenase
                                         ' Nitrogen source
      Fig. 1. rhe possible role of Zeucl.ne dehydrogenase
 Å}n B, subtUis for the produetion of precursors of iso-Cls and
.iso-C17 fatty aeids and NH3 proposed by Obermeier and Poralla.
     Little information, hewever, is avaiZable about the molecular
 and catalytic properties of leucine dehydrogenase. rn this thesis,
 the bacterial distribution, the purification and erystallization,
 enzymelogical and physieochemical properties, antitumor activity
 and sorne applieations of leucine dehydrogenase are deseribed.
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CHAPTER I
DISTRIBUTION, PURIFICATION AND CRYSTALLIZATION OF LEUCINE
DEHYDROGENASE
Leucine dehydrogenase was found in the vegetative cells and
spores of Bacillus species (9,15,18). The enzyme was partially
purified from B. cereus (18) and B. subtilis (9, 19) to show some
enzymo1ogica1 properties.
In this chapter, the bacterial distribution of leucine
dehydrogenase, and purification and crystallization of the enzyme
from B. sphaericus are described.
EXPERIMENTAL PROCEDURES
Materials NAD+, NADH and NADP+ were obtained from Kyowa
Bakko Kogyo, Tokyo and amino acids were from Ajinomoto, Tokyo;
DEAE-ce1lu1ose and Sephadex G-1S0 were purchased from Serva,
Heidelberg and Pharmacia Fine Chemicals Uppsala, respectively.
Hydroxyapatite was prepared according to the method of Tise1ius
et ale (21). The other chemicals were analytical grade reagents.
0.2 M Glycine-KC1-KOHbufferwas made up by adding 2MKOH to a mix-
ture containing 0.2 H glycine and 0.2 HKCl to adjust the pH (22).
Conditions for Cell Growth The basal medium contained 1.5%
peptone, 0.1% glycerol, 0.2% KH2P04, 0.2% K2HP04, 0.5% NaG1, 0.01%
yeast extract, 0.01% MgS04<7 H20 and 0.01% meat extract in tap
water. The pH was adjusted to about 7.2 with NaOH. The cultures
for the studies on the distribution of leucine dehydrogenase were
carried out with 50 ml-medium placed in a 500 ml flask on a
reciprocating shaker at 27° for 15-36 h and a large scale
culture was in a 30 liter jar fermentor at 30° for 20 h under
aeration. The harvested cells were washed twice with 0.85% NaC1
and subsequently with 0.01 M potassium phosphate buffer (pH 7.2)
containing 0.01% 2-mercaptoethanol. The washed cells were stored
- 3 -
frozen at -20 0 until use.
Enzyme Assay The standard reaction mixture for the oxida-
tive dearnination contained 10 ~mol of L-leucine, 2.5 ~mol of
NAD+, 120 ~mol of g1ycine-KCI-KOH buffer (pH 10.7) and enzyme in
a final volume of 0.8 mI. Enzyme was replaced by water in a
blank. Incubation was carried out at 25 0 in a cuvette of a 1-cm
light path. The reaction was started by addition of substrate
(or enzyme) and followed by measuring the initial change in the
absorbance at 340 nm with a Shimadzu MPS-50 L recording spectro-
photometer. A quantity of the enzyme was used that would provide
a linear change in the absorbance for at least 2 min.
Definition of Unit and Protein Determination One unit of
the enzyme is defined as the amount of enzyme that catalyzes
appearance of 1 ~mol of NADH, using a molar absorption coeffi-
cient of 6,220 M-lcm-l (23). Specific activity is expressed as
units per rng of protein. Protein concentration of the enzyme was
determined by the method of Lowry et al. (24) using egg albumin
as a standard and with most column fractions, protein elution
patterns were estimated by 280 nm absorption. Concentration
of the crystalline enzyme was derived from the absorbance at
280 nrn with a value of AI%cm= 9.18 obtained by absorbance and
dry weight determinations. Spectrophotometer determination was
made with a Carl Zeiss PMQ II spectrophotometer with a l-em
light path.
Ultracentrifugal Analysis The purity of the enzyme and
its sedimentation coefficient were examined with a Spinco Model
E ultracentrifuge equipped with a phase plate as a schlieren
diaphragm (25).
Disc Gel Electrophoresis Disc gel electrophoresis was
performed by the procedure of Davis (26). The gels were stained
with 1% Amino-black in 7% acetic acid and destained e1ectro-
phoretically in 7% acetic acid.
- 4 -
                           RESULTS
     Bacterial Distribution of Zeucine Dehydrogenase Sereening
was carried out in order to find out•bacterial strains that would
produce a high aetivity of leueine dehydrogenase. As shown in
Table T, the high enzyrne activity occurs maÅ}nly in Baci12us spe-
eies, especially in Baci21us sphaericus, B. cereus, B. megatpriurn
and B. subti2is, The slight activity was found in Corynebacterium
sepedonicum, C. pseudodiphtheriticum and A2ca2igenes faecalis.
B, sphaericus (iFO 3S25) in which oceurs leucÅ}ne dehydrogenase
most abundantly was chosen for the purpose of purification of the
enzyme, The extTact of B. sphaericus (ZFO 3S2S) possessed a potent
alanine dehydrogenase (specific activity; O.41),but no NAD+ and
    +
     -specific glutamate dehydrogenases.NADP







subti2is var. niger (IFO 3108)
subtiZis (TFO 3037)
subti2is var. aterTimus (IFO 3214)
subti2is (IFO 3009)
brevris (IFO 3331)




















BacUZus licheniformis (IFO 12200)
Corynebacterium sepedonicum (rFO 3306)
               pseudodiphtheriticurn (rCR 2210)





     No aetivity was found in the folloving organisms: Escherichia
coli (rCR OOIO), Aerobacter aerogenes (rFO 3320), Erpginia aroideae
(rFO 3830), Serratia marcescens (IFO 3046), Proteus vuZgaris (ZFO
3045), Proteus mirabi2is (ZFO 3849),.AgrobacteTium radiobacter
(rAM IS26), Agrobaatexium tumefaciens (rAM B-26-1), FZavobacterium
2utescens (IFO 3084), tdicrococcus luteus (rCR 1850), Microcoacus
roseus (rFO 3764), Sarcina 2utea (IAM 1099), Flavobacterium
lutescens (ZFO 308S), FZavobacterium gasogenes (rFO 12065), Bacte-
rium inycoides (ZFO 3040), Pseudornonas ribof2avina (IFO 3140),
Pseudomonas aeruginosa (IFO 3924) and Pseudomonas schuyikiUiensis
(ZFO 1205S).
     Purification odf Leucine Dehydrogenase AL: operations were
performed at O•-SO and 10 mY, potassium phosphate buffer (pH 7.2)
eontaining O.O17. 2-mercaptoethano'1 was used tn the purification
procedures, ualess otherwise stated.
     Step 1. Preparation of Crude Extract The washed aells (about
2 kg; wet weÅ}ght) were suspended in 2 liter of the buffer and sub-
jected in 300 ml portionsto sonication ior 30 min in a 19 kHz
oseillaror followed by centrifugation and dinZysis against the
buffer.
     Step 2. Protamine Su2fate Treatnent To the cell-free extract
-6-
,was added 1.0 rnl of 2Z pretarnine sulfate solution (pH 7,2) per
100 mg, of the proteÅ}n with stirring, AEter about 12 h, the
precipttate was removed by centrifugation.
     SL'ep 3. Amrnonium Su2fate Fractionation The supernata-nt
solution (8,970ml) was brought to 30Crd saturation viith ammoniuin
sulfate, and the preeipitate was reraoved by centrifugation.
Ammonium sulfate was added to the supernatant solution to 70fl•s
saturation. The pH was kept at about pH 7.2 with 107. IH40H.
[irhe preeÅ}pitate obtained by centrifugation was dissolved in the
minimuin volurne of the buffer. The enzyme solution was dialyzed
against 100 volurnes of the sarne buffer. The insoluble rnaterials
formed during the dialysis were removed by centrifugation.
     Step 4. DEAE-CeUu2ose Co2unm Chromatography The enzyrne
solution (87S rn1) was applied to a DEAE-cellulose column (10-X
60 cm) equilibTated with the buffer. After the colurnn was washed
with the buffer and then with the buffer containing O.23 }I NaCl,
the enzyrne was eluted with the buffer supplemented with O.40 l
NaCl. The flow ra:e was ISO Tnl per h and 30-rn1 fractions were
collect'ed. The active fraetions were pooled, coneentrated by
addition of ammonium sulfate (70Z saturation), and dialyzed
against two changes of 100 volurnes of O.OOI M potassiurn phosphate
buffer (pH 7.2) containing O.O17. 2-rnercapteethanol.
     Step S. HydToxyapatite Colum ChTomatography The enzyme
solution (260 ml) was applied to a hydrox7apatite eolumm (4 X 40
em) equilibrated with O.OOI M potassiurn phosphate buffer (pH 7.2)
containing O,OIZ 2-mercaptoethanol. After column was washed with
          Hthe sam3 buffer, the enzyme was eluted with O.Ol M potassium
phosphate buffer (pH 7.2) containing O.OIZ 2-mercaptoethanol.'
The active fractions were colleeted and concentrated by ammonium
sulfate (70r. saturation). The precipitate was,dissolved in a
small volume of the buffer.
-7-
Step 6. Sephadex G-150 Column Chromatography The enzyme
solution (89.5 ml) was applied in about 7-ml portions to Sepha-
dex G-150 column (2.5 X 100 em) equilibrated with the buffer.
and eluted with the same buffer. The active fractions were
pooled and concentrated by addition of ammonium sulfate (70%
saturation). The precipitate was dissolved in a srnallvolume of
the buffer and Sephadex G-150 column chromatography (Fig. 2) and
precipitation with ammonium sulfate were repeated as described above.
After centrifugation, the precipitate was dissolved in a minimum























Fig. 2. The elution pattern from a Sephadex G-150 column.
The flow rate was about 10 ml per hand 5 ml fractions were
collected. (.): Absorbance at 280 nm, (0): Units/ml of the
enzyme.
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Step 7. Crystallization Ammonium sulfate was added slowly
to the enzyme solution until a faint turbidity was obtained. The
_.._--- _--. - ._ ....,_.~-~--_.. --~ -_ ... -...
Fig. 3. Crystals of leucine dehydrogenase
Table II. Purification of leucine dehydrogenase
Steps Total ,Specific TotalProtein activity units Yield
ing units/mg %
I
Crude extract 161,000 0.21 33,980 100
Protamine treatment 90,600 0.35 31,710 94
Ammonium sulfate 47,200 0.54 25,490fractionation 75
DEAE-cellulose 7,250 2.39 17,330 51
Hydroxyapatite 2,740 5.59 15,320 45
Sephadex G.-150 (1) 1,020 14.5 14,740 43
S'ephadex G-150 (2) 469 26.5 12,430 37
Crystallization 254 42.3 10,750 32
- 9 -
pH of the solution was kept constant at 7.2-7,S with 10% NH40H
solution, On standing at 40 overnight, crystal formation
occurred, The crystals took the ferrn of the rhombÅ}a dodecahe-
drons(Fig• 3).
     Approximately 200-fold purifieation was achieved with an over
all yield oi 32 Z. A protocol of the purifÅ}cation was presented
in Table Il.
     The crystalline enzyne was shown to be homogeneous by the









' Fig. 4. Sedimentation patterns (A and B) and dÅ}sc
electrephoresis (C) of leucine dehydrogenase.
     Sedimentation patterns were obtained at 6 mglml of
concentration in O.Ol M potassium phesphate buffer (pH
Pictures were taken at 28 min (A) and 76 rnin (B) after
top speed (59,780'
 rpm).





(Fig. 4). The sediTnentation coefficient of the enzyme, calcnlated
Eor water at 200 and zero concentratÅ}on, is 9.0 S.
                           DrscussroN
     Amino acid dehydrogenases play an important role in nitrogen
metaboli$m. Glutainate dehydrogenases are raidely distributed in
organisrns (3), Many species oE BaaiZ2us, however, are devoid oi
glutamate dehydrogenase and possess alanine dehydrogenase and
leucÅ}ne dehydrogenase (8-11). ehese dehydrogenases participate
in spore germination (15--16), The results on the distribution
of leucine dehydrogenase showed that the enzyme oecurs almost
exclusively in Baci21us species. Leucine dehydrogenase was puri-
fied to hornogeneity and crystallized frorn B. sphaericus (IFO 3S25)
which has the highest activity to investigate the physicoehemical
and enzyrnoZogieal properties. rhe crystalline enzy[ne preparation
was found to be hornogeneous by the criteria of ultracentrifugation
and.disc gel eleetrophoresis.
                             SUunRY
     Leucine dehydrogenase occurred mainly in BacU2us speeies,
and most abundantiy Å}n B. sphaericus (IFO 3525). The enzyme vas
purÅ}fied to homogeneity and crystailized from B. sphaeTicus
(rFO 352S) with an over all yield of about 30Z. The purifieation
was carried out by the foZlowing' steps; sonie extraction, prota:nine
suZfage treatrnent, ammoium sulfate fractionation, DEAE--cellulgse
column chromatography, hydroxyapatite colurnn chromatography and
Sephadex G-ISO column chromatography. The crystals of the enzyrne
took the form of the rhombic dodecahedrons. The enzyme was shown
to be hornogeneous by the criteria of ultracentrifugatÅ}on and disc
gel electrophoresis. The sedimentation coefficient (Sio, w) of




1                            CHAPTER II
PROPERTTES OF LEUC:NE DEHYDROGENASE FROM BACrLLUS SPHAERTCUS
     Preparation of erystalline leueine dehydrogenase from the
eell-free extract of B. sphaericus was described in CHAPTER Z.
     :n this chapter, the physÅ}cochemieal and enzymological
properties of the crystalline enzyme are described,
                      EXPER[MENTAL PROCEDURES
     Materia2s NAD+, NADH, NADP+, nucleesides, nucleotides and
purine and pyrimidine bases were obtained from Kyowa Hakko Kogyo,
Tokyo, amino acids from Ajinornoto, Tokyo, leucine analogues from
Nu:ritionaZ Biochemistry, NAD+-analogues from P-L Biochemicals,
lnc., ct-keto acids (sodium salt) from Sigma Chemical and
Sephadex G-2S frorn Pharmacia, Uppsala, respectively. An NA])P+-
anaXogue (27), which Å}s the compound phosphorylated at 2' or 3'
position of the nicotinamide ribose of NAD+, was the generous
gift of Dr. M. Kuwahara, Department of Food Saienee, Kagawa
University, Kagawa. p-Chioromereuribenzoate and urea were
purified by erystallization from alkalÅ}ne solution by
acidifieation and from ethanol, respectively, before use, The
other chemieals were analytical grade reagents.
     Enzyme Preparation The enzyme was purified from a cell-
free extract of B. sphaericus (IFO 352S) and crystallÅ}zed as
described in CHAPTER I.
     Assay of Leucine Dehydrogenase The oxidative deamination
was determined as described in CHAPTER r. The assay system for
the reductive arnination consisted of 10 pmol ef sodÅ}urn ct-ketoiso-
caproate, O.1 umol of NADH, 7SO vmol of NH4Cl-NH40H buffer
(pH 9.5) and the enzyme in a volume of 1.0 ul. rncubation was
carried out at 2Se in a cuvette of a 1-em light path. the
activity was assayed by monitoring a initÅ}al decrease tn the
absorbance at 340''nm.
                            -12-
     Assays with coenzyTne ana;ogues were conducted by measuring
increase in the absorbanee at the following wavelengths: 3-aeetyl-
pyridine-NAD+, 363 nrn (arnolar absorption coefficient,"rlcm-1, c =
g.1 x 103); deamino NAD+, 338 nm (E = 6.2 X 103); 3-acetylpyridine-
dearnÅ}no NAD+, 361 nm (e = 9.0 X 103); 3-pyridinealdehyde-NAD+,
358 nm (e = 9,3 X 103); thionicotinamide-NAD+, 395 nrn (e = 11,3 X
103) (28-29); and NADP+-analogue, 340 nm (e = 6.2 X 103) (27).
A quantiL'y of enzy[ne was used that would provide a linear change
in the absorbance for at least 2 min,
     DeL`inition of Vnit and Protein Deterinination Unit and
specific activity were defined as above (CHAPTER r) and protein
was determined by measuring the absorbance at 280 nm (Al7"cm= 9.18).
     Sedimentation Equi2ibriuin Ana2ysis The moleeular weight
of the enzyme was determined by ultraeentrifugal sedimentation
equilibrium rnethod aecording to,the procedure of Van Holde and
Baldwin (2S). The expertments were carried out in a Spinco Model
E ultracentrifuge equipped with Rayleigh interference optics.
Multicell eperation was employed in order to perform the experi-
ment on fivesarnples of different initial concentration rangÅ}ng
from O.034 to O.17Z with the use of An-G rotor and double-sector
eells of different side;gedge angles. The rotor was centrifuged
at 6,166 or 4,600 rpm at 200, Xnterference patterns were photo-
graphed at intervals of 30 min to compare and rnake sure that the
equilibrium was established. The ' relation between the cencent-
ration of the enzyne and the fringe shift was determined using
the synthetia ceU. ' .
     Disc Ge2 E2ectrophoresis in the Presence of Sodiun Lauryi
Suifate The samples pf proteins were treated with IZ sodium '
lauryl sulfate and IZ 2-mercaptoethanol at 37e for 2 h. Disc gel
electrophoresis in the presence of O.IZ sodium laury1 sulfate was
carried out aecordiqg to the method of Weber and Osborn (30).
                             -- 13 -
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     Petermination of Amino-Terminal Residue by Dansy2ation
Dansylation of the enzyme was carried out aecording to the method
of Weiner et a2. (3i), Dansyl chloride (O.03 ml, 20 mg/ml) was
added to the nixture o.F the enzyme (100 vg), sodium lauryl
sulfate (1 mg) and 25 umol of sodium bicarbonate (pH 9.8) in a
volume of O,9 rn1. After incubatÅ}on at 370 for 1 h, O.2 ml of 20Z
trichloroacetic aeid was added to the reaction mixture to pTeei-
pitate the protein. The precipitate obtained by centrifugation
was washed several tLmes with 1N VICI andhydrolyzed with 6.N- HCI at
1050 for 12 h. The hydrolysate was dried in a vacuum at 450 . The
residue was dissolved in a small volume of SOZ pyridine and
subjected to thin layer chromatography on polyamide plate ( 5 X
S crn). Two-dimensional ahromatography was performed with the
three solvent systerns; Solvent 1: 1.5Z formic acÅ}d in water,
Solvent 2: benzene-acetic acid (9:Z), and Solvent 3: ethyl acetate-
aeetic aeid-methanol (ZO:1:1). Dansylated amino acids were
visualized under the ultraviolet light and identified by compari-
son with the standard dansyl amino acids.
     Determination of CarboxyZ-Termina2 Residue Carboxyl-termi-
nal anino acids were determined by tritium labeiling method ef
hatsuo et a2. (32). The enzyrne (about 1 mg) was dissolved in
O.1 ml of trÅ}tiated water (50 mCD and O.2 ml of pyridtne.
Acetic anhydride (O.OS rn1) was added slowly at OO and pyridine
(O.2 mlÅr and aeetic anhydride (O.05 mZ) were further added to the
     --
reaet:on mzxture. After the reaction was ineubated at room
temperature for 20 h, the mixture was lyophilized. The residue
was dissolved in a small volume of water and Xyophilized again.
                                       'These treatrnents were repeated five times to remove thoroughly
tritiated water. The tritiated protein was hydrolyzed with O.5
rn1 of 6 N HCI at 1050 fer 48 h. The hydrolysate was subjected
to two-dimensional thin layer chromatography on a cellulose plate
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(20 X 20 cm) with the solvent system described by Jones and
Heathcote (33). The amino acids on the chromatogram were de-
tected ,vi th 2.4-dinitrofluorobenzene (34). The spots of amino
acids were cut off and transferred to scintillation vials con-
taining the scintillation fluid of toluene system. The radio-
activity was measured with a Tri-Carb Liquid Scintillation
Counter 3320.
Determination of Free Sulfhydryl Groups of Leucine Dehydro-
genase The enzyme solution was exhaustively dialyzed against
0.01 M potassium phosphate buffer (pH 7.2) which was free from
2-mercaptoethanol. The reaction of the enzyme with a sulfhydryl
reagent was carried out at 25° in a cuvette of l-cn light path
or in a small test tube, and the enzyme activity of the mixture
was measured with a reaction system containing L-1eucine under
the standard conditions.
Titration of reactive sulfhydryl groups with 5,5'-dithio-
bis(2-nitrobenzoic acid) (DTNB) was performed by the method of
Ellman (35). The protein (0.3-0.6 mg) was dissolved in 0.1 M
potassium phosphate buffer (pH 8.0) in a final volume of 0.6 ml.
The reaction was started by addition of a freshly prepared DTNB
solution in about 50-fold excess. The absorbance of the mix~ure
was followed at 412 nm until no further increase in the absorbance
was observed. The number of sulfhydryl groups was calculated
from the absorbance at 412 nm using the molar absorption coeffi-
cient of 13,600 M-lcm-l (35).
Free sulfhydryl groups were also determined with 4,4'-di-
thiodipyridine (4-PDS) by measuring an increase in the absorbance
at 324 nm (36). The number of sulfhydryl groups was calcu1at'cd
on the basis of the molar absorption coefficient of 19,800 M-1cm-~
The determination of sulfhydryl groups with p-chloromercuri-
benzoate (pCMB) was carried out by measuring an increase in che
- 15 -
 absorbance at 250 nm (the molar absorption coefficient oi 7,600
 }f-lcm"1) accordirg to the method of Boyer (37).
      The reactions of HgC12 and N-ethylmaleimide with the sulf-
 hydryl groups of enzyme were followed by measuring the enzyTne
 act:v1ty.
     Ge2• FUtration Studies The binding of NADH to leucine
                                                      tdehydrogenase was studied at 250 by the gel filtration technique
 of HummeZ and Dreyer (38). Samples (O.8 ml) eontaining enzyme
and NADH were applied to a Sephadex G-25 column (O.9 X 57 cm),
The column was equil-ibra'ted wtth O.1 )i potassium phosphate buffer
 (pH 8.0) containing the same coneentration of NADH. The elution
;vas perlorrned with the same buffeT. The eluate was collected
at the rate of about l.5 ml per min in 1.2-1.6 ml •fraction.
The concentration of NADH in the eluate was determined spectro-
photometrically at 340 nm, with a Carl Zeiss PMQ :I spectro-
photometer with a 1.0 cm-light path, by using a molar absorption
coeffieient of 6,220 M-lcm'1 (23), which was applÅ}ed to free
NADH and NADH bound to the enzyne.
     F2uorescence Measurements Fluorescence measurements were
conducted with a Shimadzu Corrected Recording Spectrofluorophoto-
rneter RF-502 usÅ}ng Quarz eells filled with 2,S ml-sample. The
experirnenta: data for titration of the binding sites of NADH
to enzyme were analysed in a siniZar way (39-41). The number
of binding sites (n) was ealculaeed by the followtng equation
and deduced from the graph of the IMotz equation (42).
                                                '
    rl.-v=ii:i (-[!tS!\)Ul-ADH] "n[Et]), y"2-ltlfiEIE
where Y = fraction of sites oeeupied for a totaZ NADH concentra-
tion [NADH], A F = actual Eluerescence change for a given
conaentration of added NADH, A IFmax = maximum change Å}n observed
fZuorescence, eorresponding to complete saturation of the sites
                            -16-
wÅ}th NAD}I, and Kd = dissociation constant of NADH.
                             RESULTS
     Absorption Speatrum of the Enzyme The absorption spectrurn
of leucine dehydrogenase showed an absorption maxiinum only at
280 nm. The absorption coefficient (Al%crn) was obtained to be
9.18 by absorbanee and dry weight determinations. The absorption
ratio at 280 and 260 nm was calculated to be 1.62.
     Equilibrium Constant of Leucine Dehydrogenase Reac:ion
Equilibrium eonstant of the enzyme reaction, Keq is defined as
follows.
                 .[/2!!EI!!L[g:ISgsg2Eggel2EgaSg!JL!IInEpgnA,A-!-L!l::NADHI[Kti t][Amrnonia][H+]
           Keq =
                              [NAD+] [L -L euc ine]
  :he Keq values were determined to be 1.2 x 10-'14 ard s.3 x lo-16
  at pH 9.5 and 10.7, respectively, at 2Se.
      Stability of the Enzyme The enzyne can be stored at 4e as
  a suspension in 707. saturated ammonium sulfate (pH 7.2) without
  loss of activity for periods over 3 years. The purified enzyme
  was stable up to 600 when heated for S min in O.Ol M potassium
  phosphatG buffer (pH 7.2).
       The enzyme was very stable at 6.5 to 9.0 when ineubated at
  500 for S min. A freezing and thawing of the enzyrne solution,
  however, caused a s'light decrease in the activity. '
. Effeat of remperature and pH on the Enzyme Activity When
  the oxidative deamSnation of L-leucine was investigated at
  various temperatures, the enzyme activity increased with
  increasing temperature up to 60e, and above 650 the activity was
       The enzyme shows a maximum reactivity in the pH range ofi
  10.S-10.8 for the oxidative deamination of L-leueine, L-valine
  and L-•isoleucine, when examined in the presence of O.IS M glycine


















Fig. 5. Effect of pH on the oxidative deamination.
Composition of reaction mixture was 2.5 roM NAD+ and 10 mM L~leucine
(0-0), L-valine (.-.) or L-isoleucine (8-8) in 0.15 M glycine-
KCI-KOH buffer.
KCl-KOH buffer (Fig. 5). The rates of the enzymatic deaminations
decline markedly above pH 11 and below pH 10. The pH optima for
the reductive amination of a-ketoisovalerate and a-ketovalerate,
and a-ketoisocaproateare9.0 and 9.5, respectively, in the
presence of 0.75 M NH4CI-NH40H buffer (Fig. 6). The rates of the
enzymatic amination reactions decline markedly above pH 10.
Substrate Specificity The ability of the enzyme to catalyze
th~ oxidative deamination of various "amino acids is presented in
Table III. In addition to L-leucine, L-valine and L-isoleucine,
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     FÅ}g 6. Effect of pH on the reduc:ive arnination. The
reaction mixturescontained O.lm)f NADH and 10 m)t( a-Ketoisocaproate
(o-o), or-ketoisovalerate (e-e) or or-ketovaZerate (A-A) in O.7S M
NH4Cl-NH40H buffer.
which are the preferred substrates, straight-chain aiiphatic
L-amino acids such as L-norvaline and L-cx-aminobutyrate also are
effectively deamÅ}nated. D-Amino acids, L-alanine, L-glutama:e,
L-threonine, L-phenylalanine and amino acids other than a-antno
acid are not substrates.
     The substrate specifieity of the enzyme for the reductive
aminatxon =s given :n Table TV. All of the keto analogues of
the substrates for the oxidative deamÅ}nation serve as good
substrates for the amination reaÅëtÅ}on. ,The reactivity of cr-
ketoisovalerate, a keto analogue of vaZine, ishigher than that
of ct-ketoisoeaproate, a 1Åqeto analogue of leucine, which is the
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     a rnert: cyeloleucine, L-cysteic acÅ}d, S"nethyl-L-methionine,
L-alanine, L-glutamate, L-threonine, L-serine, glycine, L-phenyl-
alanÅ}ne, L--ethionine, L-lysÅ}ne, L-arginine, D-leucÅ}ne, D-valine,
D-alZoisoleueine, D-isoleueine, D-ct-aminobutyrate, D-norvaitne,
D-norleucine, glycylleucine, e-amino-n-caproate, 7-amineheptanoate,
B-alanine and B-aminovaierate.
     b The Km value was obtained from the seeondary plots of inter-
cepts versus reeiptoeal eoncentrationsofthe substrate.
     a The apparent Ktn value was determined by LÅ}neweaver-FBurk
plots with reaction system aontatning 2.S tubf NAD+.
-20-
Table rV. Substrate specificity for the reductive amination. t
          a
















         a
           lnert: pyruvate, a-ketoglutarate, phenylpyruvate,
    oxalacetate and glyoxylate,
         b The Km value was obtained from the secondary plots
    of intercepts versus reciprocal concentrations;of the
    substrate.
         C The apparent Km value was determined by Lineweaver-
    Burk plots with the reaction system containing O.1 miNl
    NADI{ and O.7S M NH4Cl-NH40H buffer (pH 9.5).
best substrate for the deamination reaction.
     Arnmenia is the exclusive substrate as an amino donor for
the reduetive amination of ct-ketoisocaproate. Nene of O'i2S M
Tris-HCI, hydroxYlamine, methylamihe and ethylarnine, O.15 År1
ethylenediamine and e-aminocaproate, and O.1 M L-glutamine,
L-asparagine and D-glutamine were found to be substrates in the
or-ketoisocaproate system under the standard eonditions except
.that 2SO ymol of glycine-KCi-KOH buffer (pH 9.5) was used. '
     Coenzyme Specificity The enzyme Tequires NAD+ as a natural
coenzyrne for the oxidative deamination of L--leucine, and NADP+
is inert (Table V). NADP+ has no effect on the NAD+-dependent
-21-
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                 Table V. Coenzyme specificity.
     The reaction was carried out at pH 9.5 in order to avoid
degradation of NAD+-analogues at strongly alkaZine pH.
























    bO.77
    bO.71
    b2.41
 -
     a The Ktu value was obtained from the seeondary plots of
.mtercepts versus reciprocaX concentrations of the substrate.
     b
       The apparent 1Åqin value was determined by Lineweaver-
Burk plots with the reaction system eontaining 10 Trrb1 L-leucine.
deamination of L-leucine. In addition, some analogues of NAD+
serve as a coenzyme (Table V). 3-Aeetylpyridine-NAD+, deamino
NAD+ and 3-acetylpyrÅ}dine-deamino NAD+ show the relatively '
high activity, but their affinities for the enzyme are lower J'
than NAD+.
     rnhibitors The effects of non-substrate amino acids and
several other aornpounds on the oxidative deamination of L-leucine
are g:ven in Tables Vr and VZr. The enzyme dialyzed overnight
against O.Ol M potassium phosphate buffer (pH 7.2) was used.
D-Enantiomers of thesubstrate arntno acids behave as competitive
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TabZe VI,
oxidative
     The
L-leucine
with the
  Effect oi non-substrate amino acids on the .
 deamination.
enzyme was assayed with a reaction system containing
 under the standard conditions after preineubated
arnino acids listed at pH 10.7 and 250 for 5 min,
Arn ino aeid (10 m]n) Relativeaetivity Ki (uLFI)
None

















   69
  • 8S
   89
   91
   88
   93
   97
   99
   97
  100
  100


















inhibitors against L-leucine. The Å}nhibition constants for
D-leucine and D-norvaline are relatively low. L-•Alanine,





Table VII. Efifect of inh2bitors on the oxidative
deamination of L-2eucine.
     After the enzyne was preincubated wÅ}th the eompounds
at 250 for 10 min, the activity was determined with a
reaction system contatning L-leucine under the standard
conditions.
rnhibitors Concentration







































     The enzyme was strongly inhibited by pCMB and HgC12, typical
iuliibitors of sulfhydryl-enzymes. The inhibition was recovered
parcially by 2-mercaptoethanol, dithiothreitol and L-cysteine.
Some metal ions such as cu2+, co2+ and Mg2ÅÄ were inhibitory, but
not at all in thepreseneeof O.OIZ 2-mercapteethanol. Ii)TA and
   'a,ct -dipyrridyi have no effect on the oxtdatÅ}ve deasnÅ}nation
of L-leucine.
     When the enzyme was preincubated with the varÅ}ous compounds
                             -24-
` (1 mtM) at 25e and pH 10.7 for 5 Tnin and assayed with the deamina-
tion system of L-leucine, none of the following purine and
pyrimidine bases, nucleosÅ}des and nucleotides showed appreeiable
tnfluence. on the activity: adenine, adenosine, tuMP, ADP, ATP,
guanosine, GMP, GTP, cytosine, thymine, FAD and FÅr:N.
     The effeet of vitarnÅ}n B6 compounds on the activity was also
investigated. The enzyne was preincubated with l iTL)1 vitarnÅ}n B6
compounds in 50 Tn)( potassiurn phosphate buffer (pH 7.2) at 37"
for Z h, and then assayed with the oxidative deaminattion system
of L-leucine, The preincubation with pyridoxal 5'-phosphate
led to about 407. Ioss of the activity, which was restored almost
fuZZy by exhaustive dialysis against' two changes of 500 volumes
of 10 mi1 potassÅ}um phosphate buffer (pH 7.2) containing O.OIZ
2-mercaptoethanol for about 20 h. Pyridoxal, pyridoxanine 5.'.•-
phosphate, salicylaldehyde, glyoxylate and acetaldehyde were
ineffective.
     The addition of pyridoxal 5'-phosphate to the enzyme, which
shows an absorption spectrum of simple protein, led to appearanee
of absorption peaks at 340 and 427 nm. The enzyrne incubated with
1 mM pyridoxal 5'-phosphate was reduced with 5 miI sodium
borohydride at 50 for 10 min according to Matsuo and Greenberg
(43) and dialyzed against two changes of 10 mM potassium phosphate
buffer (pH 7.2) eontaining O.OIZ 2-mercaptoethanol for 20 h.
The 427 nm peak disappeared and the absorbance around 340 nrn
inereased with a eoncomitant shift of the absorption rnaxiJnum to
325 nm. The activity of the redueed enzyrne is about 607. of the
prigÅ}nal one, and is not restored by dialysis.
     Mo2ecuZar Weight The molecular weight of the crystalline-
enzyme was examined in triplieate by the sedimentation equilibrium
method. Assuming a partial specific volume of O.74, a rnolecular




     Structure of Subunie and NH2- and COOH.-TerininaZ Residues
The subuni: composition of leucine dehydrogenase was deterTnined
by sodium lauryi sulfate polyacrylarnide gel electrophoresis.
The enzyrne solution was diaiyzed against O.Ol M sodium phosphate
buffer (pH 7.0) and then incubated with sodium lauryl sulfate
(a final concentration, 1.0Z) and 2-mercaptoethanol (O.IZ) at
370 for 2 h. The treated enzyme, which catalytically inactive,
was 6ubjected to eleetrophoresis in the presenee of O.17, sodium
lauryl sulfate and migrated as a single protein (Fig. 7). To
determine the rnolecular weight ef the polypeptide, X ran aseries
of standard proteins treated in the same manner:.bovine serum
aibumin (Mr; 67,OOO), bovine liver glutamate dehydregenase
(Mr; S5,OOO), y-globulin H--chain (Mr; SO,OOO), ovalburnin (Mr;










    Bovine glutamate dehydrogenase
      :Y-GlobuZin H-chain
Leucinedehydrogenase
ct-Chymotrypsinogen
     Y-Globulin
      1
       O O.2 •O.4 O.6 O.8
               Relative rnobility
   Fig. 7. DetermÅ}natton of the subunÅ}t molecular
leucine dehydrogenase by sodium lauryl sulfate disc
phoresis. (2eft). Relationship between moleaular
mobUity. rtight).ElectrophoresÅ}s of the enzyrne on
sulfate polyaerylamide gel.







43,oOO), yeast aZcohol dehydrogenase (Årfr; 37,OOO), ct-chÅrmo-
tripsinosar A OIr; 2S,700), Y-globultn L--chain Ofr; 23,500) and
rnyoglobin Ofr; 17,200). The rnolecular weight of leucine dehydro-
genase was estimated to be about 41,OOO frorn a sernilogarithmic
plot of moiecular weight against rnobility, showing that the enzyne
consists of six subunits identical in molecular weight. Only
methionina was identified as the NH2-terminal arnino acid of the
enzyme, when analyzed by dansyl chloride method. The COOH-terrni-
nal amino acid was shown te be glutamate by tritium labelingmethod.
    Modification of Su2fhydTy2 GToup of the Enzyme LeucÅ}ne
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              fSulfhydry{ reagentJ/IEnzyme]
     Fig, 8. Titration of sulfhydtyl groups of
with pC)CB and HgC12. (e):Spectrophotometrie '
pC)ll3 (increase in absorbance at 250 nm); (O)
the titratÅ}on with pCMB; (A) aetivity after the
with llgC12. Enzyrne coneentrations: 2.74 vM for
O.44 yM for HgC12 titration. Xncubation of the
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the previous section. The sulfhydryl groups, which are necessary
for the catalytic activity, were titrated with severaZ suifhydryl
reagents. Fig. 8 shows that titration of sulfhydryl groups of
the enzyrne with pCMB resulted in 'a linear dearease in activity
and a linear increase in absorbance at 2SO nm, with a concomi-
tantdecreasein aetivity. This indieates that a loss of activity
is correlated with the modification of sulfhydryl groups by pCMB.
The total number of sulEhydryl groups modified by pCMB was
approxinately 6 ;nol per mol of the enzyme. The remaining activi-
ty mas about 18CA of the native enzyme. Thetitration with HgCl2
also revealed the occurrence of 6 sulfhydryl groups per enzyrne
molecule, and the remaining activity was about SZ of the native
enzyme, However, incubation of the enzyme with DTNB, 4-PDS or
N-ethylrnaleimide was not accornpanied with a decrease in the
enzyme activity. No increase Å}n the absorbances at 412 nm and324 nm
was observed, when the enzyme was ineubated with DTNB and 4-PDS,
respectively.
     Sulfhydryl groups of the enzyme denaturated by 8 M urea
were titrated with DTNB, 4-PDS and pCMB. Zt was shown that
11.7-12.1 sulfhydryl groups per enzymemoleeule' reacted with the
reagents in the presence of 8 M urea.
     These results suggest that 2 sulfhydryl groups are found
per subunit of the enzyme and one of.them plays an essential
role in the catalysis.
     F2uorometrica2 Studies on the Enzyme-NADU Binary Comp2ex
and the Detennination of the Number of Binding Sites forNADH
The fluorescence oE proteins is associated with theÅ}r ultra-
ViOiet absorption with a major contribution ef the tryptophan
residue (44). When excited at 280 n:n, leucine dehydrogenase
Showecl a single emission band around 3SO nm (FÅ}g. 9). The
fluoxescenee of the enzyme was quenched by forming complex
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     Leucine
fluorescence at
                  310 330 350 370
                           Wave[ength (nm) ..H
                              '
        Emission spectra of the enzyrne and the enzyme-
              The emission spectra were measured in O.1 M
      phosphate buffer (pH 8.0). Curve A shows fluo-
            the enzyrne (O.77S pM), curve B, fXuorescence of
            .775 pM) in the presenee of mnH (25 pM) and
        fluoreseence of NADH (2S uM). Exeitation wave-
          280 rm,
                  .
           hand when excÅ}ted at 340 n:n the fluorescence
                 showed the maximum at 4SO nm (Fig. 10). The
                450 nrn of NAJ)H Å}nereased by addition of the
                  no significant shift of emission maximum is
                                                               ,
               similar findings have been observed for other
niCotinamide-nucleotide dependent dehydrogenases (39-40, 45-46),
                 to fQllow NADH binding to the enzyme.
            dehydrogenase was titrated with NADH by following
                445 nm (Fig.9-A). Themaximum differenceinNADH
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                           Wavetength (nmÅr
     Fig. 10. Fluereseence of the enzyTne--NADH complex.
                                                           'Curve A shows the fZuorescence emission spectrum of a mLxture of
the enzyme (1.47 uM) and NADH (71 v"t); curve B, a mixture of the
enzyme (O.74 vM) and NADH (71 pM); curve C, free 1suU)H (71 ulC);and
curve D, free enzyme (1.47 laM). Excitatien was at 340 nrn.
fluorescence was estimated to be 16.7 from a double-reeiprocal
plot according to Prince and Radda (47År, The data analysis
aecording to Klotz leads to a straight line (Fig. 11-•B), by
extrapolating a value of 6 binding sites per hexamer was obtained.
Dissociation constant (Kd) obtained from reeÅ}procal of the
straÅ}ght ltne was 4.5 vM,
- GeZ FUtration Studies of NApH Bindi.ng by Leucine Dehydro-
genase The binding oE NADH was .studied by gel filtration with
                         'Sephadex G-25. A typical eXution profile is shown in Fig. X2.
The results are summar.ized in TableVIIZ. Fig. 13 shows the results
Obtained by treating thedataofTable.lzl by the method of Hayes and
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     Fig. IZ. Titration curve.of the enzyrne with NADH.
(A) The enzyme solution (O.71 l.an) was tttrated s"Lth
NADH in O.1 M potassium phosphate buffer (pH 8.0).
Nueleotide fluoreseence was followed at 445 nm
(excitation: 340 nrn). (B) Klotz plots ofi titration
curve. Extrapolation of the straight Zine gives the
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     Fig, 12. Elution
NADH and the enzyme at
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the trough
coefficient
NADH was calculated from fractions constituting
in the elution profUe using a rnolar absorption
 for NADH of•6,220 M-lcm-1.
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veliclc (4S), The nurnbbr of mol of NADH bound per rnol oE tha enzyrne (n)
'was plotted against the quantÅ}ty divided by the concentration of
unbound NADH in the mixture (n/[NADH]) (49). The intercept at the
ordinate of Fig. 13. shows the binding of 6,3 mol of NADH per mol
of the enzyTne, The slepe of the straight line is equal in magni-
tude to the dissociation constant of the enzyme-•N, ADH complex





o O.05 O.10 O.15 O,20 O.25
    n1fNADH) (pM)
     Fig. 13. Binding of NADH with the, enzyne. The data
of Table VZrX were processed by the rnethod of Hayes and
Velick (48).
                          DrscussroN
     rn this chapter, the physieochanical and enzymological proper-
ties of the erystailine leucine dehydrogenase were described.
The enzyrne has high pH optina for the oxidative deaTnination and
the reductive amination and the difEerence in pH optima for the
forward and reverse reaetions i$ seen: pH optima are near pH 10.7
fOr the deamination' and pH 9.0-9.5 for the amination. The differ--
enees in pH optima wete shown for alanine dehydrogenase (14, 50)
-33-
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   and rnost glutarnate dehydrogenases (3-4). This suggests that the
   activities of three amino aeid dehydrogenasas refiect the simi:ar
   mechanisms .
        The enzyTne catalyzes the oxidative deamination of several
   branched and straight-ehain L-(x-amino acids except L-alanine, but
   other L-amino acids such as L-phenYlalanine, L-glutamate and L-
   threonine, and D-anino aaids are not the substrates. Replacement
   of B and in espeeial y-hydrogen by methyl group results in enhance-
   ment of the reactivity. The Xength of a straight chain of L-amino
   acids also significantly influences the susceptibility to the
   enzyTne: the Cs, 94 and C6-straight ahain amino acids inerease in
   the reactivity in this order. 4-Azaleucine and y-methylaZlyl-
   glycine are very poor substrates, indicating that the substitution
  of y-CH of leucine with nitrogen or the presenee of a double bond
  in the side chain leads to a dearease in the rate of deamination.
  Sulfur analogues of norvaline and norleucine, in whÅ}eh y and 6-
  CH2 were replaced, are less reaetive substrates than the parent
  compeunds. Either positively or negatively charged group'in the
  side ehain, e. g.t hydroxyl, e-amino and y-carboxyl groups
  probably prevents the amino acids from binding with the enzyme,
r because L-threonine, L-lysÅ}ne and L-gZutamate are neither
  substrates nor inhibitors' for the deamination oE L•-leueine.
       Hermier et a2. (15) reported that leucine dehydrogenase
  from sporulating celZs of B. subtUis deamÅ}nates L-alanine, and
  is inhibited competitively by D•-alanine and D-ct-amÅ}nobutyrate,
  and noncompetitively by D-leueine, D-valine and D-norvaline.
  Zink and Sanwall (9) reported that the enzyme from B. subtiZis
  Was not inhibited by D-leucine and D--valine. However, it was
  Shown here that the B. sphaericus enzyne, whÅ}ch does not react
  With L-alanine, is not inhibited by D-alanine, but is coTnpetitÅ}vely
  by D-enantiomers of the''substrates.
    ,
L     NAD+ is replaced by some of the NAD+-analogues as a cofactor
for leucine dehydrogenase as reported for several other dehydro-
genases (51-53). 3-Acetylpyridine-NAD+ is reduced by leucine
dehydrogenase more rapidly than NAD+ as reported for bovine Ziver
glutamate dehydrogenase and horse liver alcohol dehydrogenasa
(51), 3-Aeetylpiridine-deamino NAD+ and deamine NA])+ have the
c16sely similar reactivity to NAD+. Thus, amino groups of
nicotinamide and of adenine meiety of NAD+ are not of crucial
importance for the ceenzyne activity.
     The enzyrne is reversibly inhibited by pyridoxal 5'-phosphate.
The inhibition is probably due to the formatÅ}on ofSchiffbase
between a lysine residue of the enzyne and 4-formyl group of
pyridoxal S:-phosphate as shown for glutamate dehydrogenase (3).
This suggests that a lysine at or near the active site plays hn
inportant role in the eatalytÅ}c action. rn this regard, the
enzyrne is different frorn alanine dehydrogenase which is not
affected by pyridoxal 5'-phosphate at all (54).
     Mammalian glutamate dehydrogenases Åq)AD(P)+) are regulated
by the purÅ}ne nucleotides, e. g., inhibited by GTP and actiVated
by ADP, but microbial glutamate dehydrogenases (NAD+ or NADP+-
specific) (3) and alanine dehydrogenase (NAD+-specific) (54)
are not affeeted, except NAD+-specific glutamate dehydrogenasG
ef Thiobaci22us nove22us (55), which is regulated by AMP. Leucine
dehydrogenase of B. sphaericus aZso is unaffected by the purine
nueleotides, suggesting that they are not concerned in control
of the enzyne aetion. Thus, in general the amino acid dehydro-
genases specific for only one of the two cofactors are not
affeeted by the purine nucleotides, but glutamate dehydrogenases
for which both NAD+ and Naf}P+ serve as a cofactor are reguiated.
The difference in regulation of the arnino acid dehydrogenases







functions ofi the enzynes.
     Leueine dehydrogenase was strong!y inhibited by pCMB (82Z)
and HgC12 (9SZ), and the emzyme activity was lost by the
rnodifiaation of sulfhydryl gToups, The activity was restored by
excess mercaptans. This indieates that the reactive sulfhydryl
groups participate• in the catalytic actÅ}vity, although their
role is unknown. The enzyme was not affected by DTNB, 4-PDS
and N-ethylmaleimide. Such diffe:ence of the sulfhydryl
reagents in reactivity may reflect the difference Å}n the
environment of the sites involving the sulfhydryl groups.
     The molecular weight of leueine dehydrogenase and the
subunits are about 24S,OOO and 41,OOO, respectively.
Methionine is the sole NH2-terminal amino acid and glutamate
is the sole COOH-terminal amino acid of the enzyne. This shows
that the enzyme is a hexamer eomposed of identical subunits.
The enzyme contains 6 reac:ive sulfhydryl groups and 6 coenzyme
binding sites per molecule. This is also consistent with the
hexameric structure composed of identical subunits and
suggests the presenee of one active site per subunit. A simUarJ
hexarneric subunit strueture has been reported for alanine
dehydrogenases (54, 56) and many glutamate dehydTogenases iexcept
Neurospora NAD+-dependent glutamate dehydrogenase (3). Many
otherdehydrogenases which act on the -CH-OH group of substrates,
e. J., aleohol dehydrogenase, lactate dehydrogenase, glycer-
aldenyde-3-phosphate dehydrogenase and malate dehydrogenase,
are dimer or tetramer (57). Amino acid dehydrogenases are
different from other dehydrogenases in this regard.
                            SUrmRY
    Leucine dehydrogetLase, whÅ}ch was purified to homogeneity
and crystaZlized from BacilZus sphaericus, has a peak only at
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2sO nm and its Al%crn is 9.18. The enzyrne exhibits the optimum re-
activity inalkalinepHfor both forward and reverse reactions. The
enzyme catalyzes the oxidative deamination of L-leucine, L-valine,
L-isoleucine, L--nervaline, L-a-aminobutyrate and L-norleucÅ}ne,
and the reductive aminatien oE their lceto analogues. The ep.Ly:ne
requires NAD+ as a cofactor, which cannot be replaced by NL ADP+,
D-Enatioiners of the substrate amino acids inhibit competitively
theoxidationof L-leucine, The enzyme activity is significantZy
redueed by sulfhydryl reagents and pyridoxal S'-phosphate.
Purine and pyrimidine bases, nueleosides and nuleotides have
no effect on the activity. The molecular weight of the enzyme
was determined to be about 245,OOO by sedimentation equilibrium
method. The enzyne consists of 6 identical subunits in molecular
weight of about 41,OOO, and amino and carboxyl-termtnal amino'
acid residues are methionine and glutamate, respectively. The
enzyne contains 6 sulfhydryl groups required for catalysis and
6 coenzyrne binding sites per enzyme moleeule, suggesting the




                          CHAPTER IZr
     THE KrNETIC MECHANISM OF THE ENZYME REACTrON AND THE
STEREOSPECrFrCITY OF THE HYDROGEN TRANSFER BE[IrWEEN COENZYME
AND SUBSTRATE CATALYZED BY LEUCINE DEHYDROGENASE.
     rn the preceding chapters, the purification and erystal-
iization of leucine dehydrogenase from B. sphaericus, and the '
physicochemical and enzymological Dreperties of the crystalline
enzyme were described.
     The present chapter describes the mechanism of the emzyrne
reaction by steady-state kinetic analysis and the stereo-
specificity of the enzyrnatic hydrogen transfer between the
coenzyme and the substrate.
                   EXPER]MENTAL PROCEDURES
     Materia2s NAD+ and NADH were obtained from Kyowa Hakko
Kogyo, Tokyo and amino acids were from Ajinemoto, Tokyo.
a-Keto acids werepurchased from Sigma Chemical, bovine liver
glutarnate dehydrogenase from Boehringer Mannheirn and
DL-[2-3H]glutamate (9.5 mCi/mg) from New England Nuclear,
     EnzyTne Preparation and Protein Determination Crystalline
leucine dehydrogenase was prepared from B. sphaericus as
described in CHAPTER I. Alanine dehydrogenase was prepared
from B. sphaericus (IFO 3S2S) (54År. 'Protein determination
was perforrned speetrophotometrieally by measuring the absorbance
at 2".O rm (AIZc. = 9.18).
    Kinetic Measurements The reaction was follewed by
measuring the appearance and disappearance of NtU)H at 340 nm'
  .Uszng aShimadzuMPS-50 L reeording spectrophotometer. The
standard incubation mÅ}xtufes for the forward and reverse
       'reactiens are sÅ}mÅ}Zar to thosedescTibed in CHAPTERS Z and Zr
                      'WÅ}th some exceptions, whiah are specified tn the figures.
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Initial veZoeity and product inhibition experirnents were carxied
out by varying the concentration of one substrate at different
fLxed leveZ of the other substrate or the produet.
     The analysis of steady-state kÅ}ne:ic data and the nomen-
claturewerecarried out according to the methods proposed by
clelana' (58-61). Michaelis constants were determined from tlie
secondary plots of intercepts versus reeiproeal concentrations
of the varied substrate.
     p-fieparation of t4B-3H]NADH [Irhe reaetion mixture contained
224 vniol of NAD+, O.072 vmol of DL-[2-3H]glutamate (O.1 mCi),
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     Fig. 14, Chromatography of [4B-3H]NADH'on a column of
DEAE-celluiose. Ihractions of 2.8 ul were eollected. NAD+
and NADH were monitgred at 259 nm (e-e) and 340 rn (o-o),
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glutamate dehydrogenase (120 unÅ}tslmg) and 1.6 mmoZ of glycine-
Kcl-hydrazine hydrate buffer (pH 8.2) in a final volume of 8.S
ml, AEter incubation at 30e for S h, the reaction mÅ}xture was
heated at 600 for 3 min, cooled and eentrifuged. The super-
natant solution was applied to a DEAE •-cellulose column
(bicarbonate fonn, 2.1 X 20 em). After the column was washed
with O.Ol M NH4HC03 te remove mn+ unreaceed, [4B--3H]NADH was
eluted with O.1 M NH4HC03 (Fig. 14). Fractions contaÅ}nÅ}ng
[4B-3H]NADH were combined and the speeific activity was de-
terrnined to be 7.3 X 107 cpm!mmol. NAD+ and NADH were detected
                                             'by following absorbancesat 259 nm and 340 nm, respectively.
   Oxidation of t4B-3H]NADH by Leucine Dehydrogenase or A2anine
Dehydrogenase The reaction mixture (10 rnl) containing 10.3
pmol of [4B-3H]NADH, IOO vmol of sodiurn ct-ketoisoeaproate or
sodium ct-ketobutyrate, 1.5 mmol of NH4Cl--NH40H buffer (pH 9.5)
and O.91 mg of leucine dehydrogenase or O.52 mg of alanine
dehydrogenase was incubated a: 300 for 2 h. After the reaetion
was stopped by adjusting the pH to S wtth 4 N-acetÅ}e acid, the
mixture was chromatographed on a Dowex 1 X 8 column (formate
form, 1.1 X 18 cm). Leucine and ct-aminobutyrate were determined
with ninhydrin afterpaper chromatography according to the Tnethod
as described previously (62). The amount of NAD+ was estimated
as equal amount of leucine or or-aulnobutyrate formed.
     Counting of Radioactivity of Tritiated Compounds Samples
(O.5 ml or less) of radÅ}oactive solutions were mLxed with IS ul
oÅí a scÅ}ntillation fluid consisting of naphtalene (50 g), 2,5-
diphenyloxazole (7 g), Z,4-bis-(4.rnethyl-S-phenyloxazol-2-yl)-•
benzene (O.6 g), ethanol (300 ul) and toluene to a fÅ}nal volune
of i liter. The radioactivity was counted for 1 mtn Å}n a TrÅ}-
Carb Liquid SeintillatÅ}on Counter 3320.
-40-
                              RESULTS
     Kinetic Mechanisrn A series of s:eady state lcinetic analyses
were corLiducted to investigate the reaction mechanism of leucine
dehydrogenase. ,
     rnitial velocity studies for the oxidative deamination
reaction were first performed with NAD+ as a variable substrate
in the presence of several fixed concentrations of L-leueine.
Plots of reciprocals of initial velecities against reciprocals of
NAD+ concentrations gave a family of straight lines whieh
intersect in the upper left quadrant (Fig. 15-A). The apparent
Michaelis constant for one substrate is dependent on the
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     Fig. IS. Double reciprocal pZots of initial,velocity against
NAD+ concentrattons at a series fixed concentrations of leucine ,
(A). Leucine concent=ations (tuM) are indieated in the figure.







 data shown in Fig• 15-A indicate that the reaetion proceeds via
 the formation of ternary eomplex of the enzyme with NAD+ and
 leucine, both of which bind to the enzyme before release of the
products. The Michaelis constants for NAD+ and leucine were
calculated to be O.39 and 1 uiM, respectively, from the secondary
plots of intereepts versus reciprocal of the other non-varied
substrate concentration (Fig. 15-B) (S8, 61).
     A kinetic analysis in the reductive amination reaetÅ}on was
performed to distinguish several reaction mechanisms (58, 61).
Fig. 16-A shows double reciprocal plots of velocities against
or-ketoisocaproate concentrations at several fixed concentra'tions
of armenia and a high and constant concentration of NADH. rhe
double reciprocal plots gave straight lines interseeting on
the abscissa. At a high level of ammonia, the double reciplocal
plots of veloeities against NADH concentrations at several fixed
eoncentrations of a-ketoisocaproate also gave straight inter-
seeting lines (Fig. 16-C). However, with a-ketoisocaproate at
a saturatÅ}ng concentration, the double reciprocal plots of
veloeities against NADH concentrations at several different
concentrations of ammonia were quite different from those shown
in Figs. 16-A and 16-C, and gave paralZel lines (Fig. 16-B).
These observed kinetic patterns rule out the possibilÅ}ty of random
addition of substrates and represent a' sequential ordered
mechanism in which ct-ketoisocaproate bimds to the enzyne between
NADH -,n.nd amrnonia. TheMichaelis constants foT NADH, ct-ketoisocaproate
and amonia were ealculated to be 35 ptf, O.31 tuM and O.2M, respectively.
     The product inhibition studies on the reduetive amÅ}nation
reaetton were further carried out to determÅ}ne the order of
substrate addition and product release according to the method
oE CIeZand (58, •61). With NAD+ as an inhibitor, the double
reciproeal plots of velohities against )IADH concentrations at "
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     Fig. 16. Znitiai velocity patterns for the teduetive
amination reaction. A: Double reaiplocal plots of velocity
against ct-ketoisocaproate coneentrations at several fixed
concentrations of ammonia in the presence of a hÅ}gh eoneen-
tration of NAI)H (O.23 tnM). The concentrations of ammonia
used were: 1, 100 tuM; 2, 150 mix[, 3; 250 rriM; and '
4, 500 mYt. B: Double reciprocal plots ofi veloeity against
NADH concentrationsatseveral fixed eoneentrations of
ammonia in the pres'ence of a hÅ}gh cencentration of a-keto--
isocaproate (10 iM). Theconcentrationsof amrnonia used
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               4"--
were: 1, 20 nut; 2, 30 mMt; 3, 60 nut; 4, iOO mM; and 5,
200 taM. C: Double reciplocal plots ef velocity against
NADH aoncentrations at severaZ fixed concentrations oE
a-ketoisocaproate in the presence of a high concentratton
of ammonia (750 mYt). The concentrations of ct•-keteiso-•
caproate used were: 1, O.15 rnba; 2, O,25 tuM; 3, O.5 inM;
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     Fig. 17. Produet inhibition by NAD+ with NADH as
the variable substrate. Ammonia (750 tnM) and a-keto-
isoeaproate (10 inlY[) were present at constant high
eoncentration. The concentrations of NAD+ used •were:
1, O; 2, O.1 rn)C; 3, O.3 uut; 4, O.5 TnlYf; and 5, 1.0 tn)C.
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a The concentrations ofi NAD+ and leucine used were O, O.1, O.3,
O.S and Z.O mi4, and O, 1, 2.5, 5 and 10 muX, respectively.
b The abbreviations used: com, competitive; un, uneompetitive;
and Non, noncompetitive. Predicted product inhibition
patterns were obtained frcmi the steady state algebraÅ}c
equation for the sequentÅ}al ordered ternary-bÅ}nary kinetic .
mechanism proposed by Cleland (58).
C The concentratiDns of NADH: 16, 20, 30, 37, S2, and 111 pNL!,
ct-ketoisocaproate: 10 tnM, and ammonia: 750 rnM. •.
d The concentrations of ct--ketoisoeaproate: o.1, O.2, O.3, O.5
O.75, 1.0 and 1.5 rnlX[, NADH: 293 1.tlY[, and aaneina: 750 mM.
e
  The concentrations of arnmonia: 50, 80, 100, 200, 300 and




  + constant high concentrations of ct--ketoisocaproate and amrnonia
  showed competitive inhibition (Fig. 17). These findÅ}ngs
  suggest that NADH and NAD+ can bind to the free form of enzyme
  and thus NADH binds first to the enzyme, followed by a-ketoiso-
  caproate and then ammonta, and also that NAD+ is the last
  produet that Å}s released firom the enzyme. As shown in Table rX,
  the other product inhibition patterns observed with NAD+ and
  L-leucine as the inhibitors are identical with the predicted
' patterns for thesequentialordered ternary-binary kinetic
  rnechanism. The observation of noncompetitÅ}ve inhÅ}bÅ}tion by
  L-leucine with respect to aTnrnonia rules out a mechanism of
  Theorell-Chanee type (63). From these results, the sequence of
  addition of the substrates in the reduetive amination reaction
  is NADH, ct-ketoisocaproate and amrnonia, and that of reiease of
  produets is leucine and NAD+ as shown in the following scheme:
   NADH or-KICA NH3 L-Leu NAD'
E ENADH E•[)l4,Di,H, EiiiilillK:i2A-.-i-li$tny- :--'g E•V.A,D.'. E•NAD+ E-
                                      'E•:Enzyme, ot-KICA:ot-Ketoisocaproate, L•Leu:L-Leucine.
     Stereospecificity of Hydrogen Transfer between CoenzyTne
and SubstTate When ct-ketoisoeaproate was reduced to leucine
in the presence of stereospecifically iabeled NADH, [4B-3H]NADH,
and NAD+ and leueine formed were separated by Dowex' 1 X 8
chromatography (Fig. 18) ,substantially all radieactivity of
[4B-3H]NADH was transferred to leucine but not retained in Nt")+
(Table X). This incorporation of radioactivity into leucine +
                                                            '
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 ' Leucine Origin
Tncorporation of tritium into ieucine.
 7 (O.1'mL) in Fig. 18 was chromatographed
filter paper, using n-butanol--acetic aeid-
as a solvent. After the development, the
5 X 20 cm) was eut out into serÅ}al 1.2 ern
 werel transferred to scintillation vials
scintillation fluid and the radioactivity
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TabLe X. Stereospecificity of hyd;ogen transfer of t4B-3HJNADH























+ was'confirmed by paper chromatography of the solution eluated
with water (Fig. 19). These results indicate that pro-S hydrogen
at C-4 of the dihydronicotinamide ring of NADH is exclusively
transferred to the substrate by the enzYrne without exchange ntth
protons ef the medium: the enzyme is B-stereospeeific.
     On the other hand, alanine dehydrogenase isolated from B.
spha'eTicus (S4) was shown tQ be A-stereospecÅ}fic as reported for
the enzyme of B. subtilis (64). Thus, leucine and alanÅ}ne
dehydrogenases from B. sphaericus show the opposite stereo--
specÅ}ficity. The author reeonfÅ}rmed their stereospecificity
with [4B-3H]NADH and sodium ct-ketobutyrate which is the comrnon
substrate of both en.zymes. As shown in rable X, the tritium of
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i
t4B-3E]NADH was transferred to a-aminobutyrate with leucine
.dehydrogenase, but essentially all the radioactivity remained
in NAD+ with alanine dehydrogenase. These results show that
even when leucine and alanine dehydrogenases catalyze the
reductive amination of the same a-keto acid, the former
transfers the pro-s hydrogen at C-4 of dihydronicotinamide ring
to the substrate and the latter does the pro-R hydrogen.
DISCUSSION
The reductive amination of leucine dehydrogenase is a
ter-reactants and bi-productsreaction. The steady state kir.etic
studies revealed the reaction to be a sequential ordered ternary-
binary mechanism. The similar mechanism was reported for the
several ter-reactants nicotinamide nucleotide-linked dehydro-
genases:saccharopine dehydrogenase (65), octopine dehydrogenase
(66) and pigeon malic enzyme (67). On the other hand, two
different kinetic mechanisms have been reported for glutamate
dehydrogenase. Bovine liver glutamate dehydrogenase catalyzes
the reaction in a random ordered mechanism (68-70), and the
enzyme from pig heat mitochondria (71), microorganisms (72-74)
and plant (75) catalyze the reaction through a sequential
ordered mechanism. Various other mechanisms, i, e., sequential
ordered (76), ordered random (77) and ping pong mechanism (78),
are reported for glyceraldehyde 3-phosphate dehydrogenase.
However, the significance of the discrepancy in the mechanism
of dehydrogenation is not kno~~ at present.
Nicotinamide nucleotide-linked dehydrogenases show A or .
B-stereospecificity for hydrogen removal from the C-4 position
of the nicotinamide moiety of the reduced coenzyme (79-81).
The stereospecificity has been determined for a large number
of dehydrogenases (80-81), but the stereospecificity for
- 49 -
dehydrogenases whose dehydrogenation oceurs at -C-N- system
were examined with only a few enzymes. Glutamate dehydrogenases
(82-83) and octopine dehydrogenase (84) were shown to be B-
specific. Alizade et al. (64) reported that alanine dehydro-
genase from B. subtiZis is A-specifÅ}c; the pro-R hydrogen at
C-4 of the reduced nicotinamide ring is transferred to pyruvate,
aad proposed that NAD+-linked dehydrogenases working on amino
group of non-phosphorylated substrates belong to the stereo-
specific "A class". This, however, is not the case for leucine
dehydrogenase which is B-stereospecific as shown here. The
stereospecificity of hydrogen transfer is characteristic of the
enzyrne, but not of the substrate, because leucine dehydrogenase
and alanine dehydrogenase reactions proceed with B and A-
stereospeeificity, respeetively, also in the reactÅ}on systern
containing a-ketobutyrate, a cemmon substrate.
                              SVunRY
      The reductive amination catalyzed by leucine dehydrogenase
is a three-substrates and two-produets reaction. The results
obtained from initia: velocity and product inhibition studies
are consistent with a sequential ordered ternary-binary mechanism
where NADH binds first to the enzyme followed by a-ketoisoeaproate
and then ammonia, and the products are released in the order of
L-leucine and NAD+. The Miehaelis con' stants are as folZows:
L-leucine (1 mM), NAD+ (O.39 inM), NADH (35 1.llvr), a-ketoisocaproate
(O.3i TrniM) and ammonia (O.2 M).
     Stereospecifiaity of the enzymatic hydrogen transfer
between the coenzyme and the substrate was investigated. The
pro-S hydrogen at C-4 of the dihydronicotinamLde rtng of NADH




THE APPLICATIONS OF LEUCINE DEHYDROGENASE
[AJ ANTINEOPLASTIC ACTIVITY
Some observations on the inhibition of tumor growth by
enzymes have stimulated the search for the antineoplastic activity
of other microbial enzymes related to amino acid metabolism.
Most of the antitumor enzyems, e. g., asparaginase (85-86),
glutaminase (87), glutaminase-asparaginase (88), arginase (89-90)
and phenylalanine ammonia-lyase (91) catalyze the essentially
irreversible degradation of amino acids. The antitumor activities
of a bacterial folate-cleaving enzyme, carboxypeptidase Gl (92-
93) and jack bean urease (94), and the inhibition of growth and
DNA synthesis of tumor cells by ascorbic acid oxidase (95) also
have been reported in recent years.
In the present section. studies on the antineoplastic
activity of leucine dehydrogenase from B. sphaericus are
described.
EXPERIMENTAL PROCEDURES
Leucine dehydrogenase and alanine dehydrogenase (54) purified
from B. sphaericus and bovine liver glutamate dehydroge~ase
(type II) purchased from Boehringer Mannheim were employed.
The enzymes were dialyzed overnight against 500 volume of 0.01 M
sodium phosphate buffer (pH 7.6) containing 0.9% NaCl.
The therapeutic experiments were carried out with the
Ehrlich ascites carcinoma carried in DD mice. Ehrlich ascites
carcinoma cells were inoculated by intraperitoneal injection of
0.5 ml aliquots containing 2 X 106 cells in 20 to 22 g DD mice.
The enzymes were injected intraperitoneally once daily for 10
to 14 days consecutively, starting 24 h after tumor inoculation.
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Antitumor activity was evalua:ed by the inerease in life span
and weight gain from turnor growth.
                            RESULTS
     Leucine dehydrogenase was shown to be highly inhibitory
to Ehrlich aseites carcinoma in vivo (Fig. 20), Turnor-bearing
miee treated with ieucine dehydrogenase showed a progressive
increase in life span with inereasing doses of the enzyme (Fig,
20), The results of antitumor activÅ}ty are summarized in
Table Xl, The dosage oE 4 mg/kg X 10 to 14 days produced 236
to 300Z increase in mean survivaZ tine over controls, and
smaller doses still provided inreased mean survival time: 219
to 170Z at 1 mg/kg X 14 days, and 136 and 191Z at 2 mg/kg X 10
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Fig. 20. rnhibition of the
growth of Ehrlich ascites




(in) was started 24 h
later. (-----): control ntce,
(x):tumor-bearÅ}ng ulce, (o):
tuuior-bearing mice treated
with 1 mg/kg/day of the
enzyme, (e) tumor-bea:ing
mice treated wtth 4 mg/kg/
day of the enzyme.
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